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Abstract

The changes in the characteristics of heatwaves over Romania have been analyzed using the excess heat factor calculated
for two climate change scenarios (RCP4.5 and RCP8.5) from the EURO-CORDEX project. The changes were evaluated
for the near future (2021-2050) using the historical period (1971-2000) as reference. The frequency of occurrence and the
duration of heatwaves is projected to increase for both climate scenarios in particular over southern Romania. In this region,
the percentage of change in the near future for the number of heatwaves is between 50 and 60% for the RCP4.5 scenario
and 60-80% for the RCP8.5 scenario. Also for the same region, the duration of heatwaves will increase by 30-50% for
the RCP4.5 scenario and 60-80% for the RCP8.5 scenario. These results indicate that the human exposure to heatwaves
will increase in Romania in the near future. To increase awareness on heatwaves and their impact, we propose a series of
immediate actions that include (1) improving the communication of the impact of heatwaves, (2) identification of the regions
where the population is more vulnerable to heatwaves, and (3) better understanding of the mortality and morbidity associate

with heatwaves in Romania.
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1 Introduction

The Sixth Assessment Report of the Intergovernmental Panel
on Climate Change (IPCC) indicated that the frequency of
occurrence and intensity of hot temperature extremes has
increased over the recent period and will further increase
(Masson—Delmotte et al. 2021a). As indicated in the IPCC
report, globally a hot temperature extreme event over land
(including heatwaves) occurred on average once in 10 years
during the pre-industrial period (1850—-1900). Currently, for
an increase with approximately 1.1°C of the mean global
temperature, these events occur on average three times in
10 years and are 1.2°C hotter (Masson—Delmotte et al.
2021b, FigureSMP.6). These changes in the characteris-
tics of hot temperature extreme events already lead to an
increase in the mortality associated with them. For exam-
ple, Vicedo-Cabrera et al. (2021) using data collected from
43 countries between 1991 and 2018 showed that climate
change has increased the mortality associated with hot tem-
perature extreme events by 37%. Other studies indicated that
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the impact of these events, in particular heatwaves, will sig-
nificantly increase in the future (e.g., Forzieri et al. 2017).

In the past decades, Europe has experienced a series of
high-impact heatwaves. One of the most significant heat-
waves that affected Europe occurred in 2003 and resulted
in more than 70,000 fatalities (Robine et al. 2008). This
was followed by the heatwave that affected south-eastern
Europe in 2007 and resulted in losses exceeding €2 billion
and 19,000 people being admitted to hospitals in Romania only
(Founda and Giannakopoulos 2009; Mircheva et al. 2017,
Demirtas 2018). Other outstanding events occurred in the
decade 2010-2019. Over eastern Europe a heatwave that
occurred in 2010 was associated with 55,000 deaths and
economic losses estimated at €11 billion (Dole et al. 2011;
Barriopedro et al. 2011; Schneidereit et al. 2012). Major
agricultural losses in Bosnia and Herzegovina, Serbia, and
Italy were associated with a heatwave that affected southern
Europe in 2017 (Kew et al. 2019). In 2018 a heatwave that
occurred over southwestern, central, and northern Europe
nearly doubled the daily mortality in Portugal (Barriopedro
et al. 2020) and lead to unprecedented forest fires in Scandi-
navia (Yiou et al. 2020).

Given the current and future increases in the frequency of
occurrence and intensity of heatwaves, it is important to study
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these events from a regional perspective and to assess their
impact on population, ecosystems and local infrastructure.
This can lead to the development of adaptations strategies
and improvement of early warning systems to reduce the
impact of heatwaves (e.g., Lowe et al. 2011). Due to its geo-
graphical position, Romania is affected by heatwaves that
occur over central, south-eastern and eastern Europe (Fig. 1).
Heatwaves that occurred in Romania between 1983 and 2012
were analyzed by Barbu et al. (2014) using data from weather
stations. In their study, the Romanian territory was divided
into four regions and a heatwave was defined as a period of at
least three days during which the maximum daily temperature
was greater than the 90th percentile (using the 1961-1990 as
reference period) for a specific region. The threshold was
33°C over the eastern, intra-Carpathian and western regions,
and 35°C for southern Romania. Their results showed that
2144 heatwaves recorded at 105 weather stations occurred
during the study period. Also, they indicated that the main
synoptic-scale systems responsible for the onset of heatwaves
in Romania are the ridges that envelopes southern Europe
advecting tropical air masses from northern Africa. Sficid
et al. (2017) also studied the heatwaves (i.e., an event that
occurred between May and September) and warm spells (i.e.,
an event that occurred between October and April) in Roma-
nia. The events were identified based on daily maximum
temperature recorded at 27 weather stations between 1961
and 2015 using the 90th percentile as a temperature thresh-
old and a minimum period of three consecutive days. Thus,
111 heatwaves and warm spells that hit simultaneously were

Fig.1 Topography of Romania
(terrain elevation shaded
according to the scale). The
inset map indicates the position
of Romania within Europe.
Topography data obtained from
NOAA National Geophysical

Data Center (2022) 47°N

46°N

identified (representing a total of 423 days). Sficaetal. (2017)
also noted an increase in the number of heatwave days during
the last 15 years of the study period. Nagavciuc et al. (2022)
studied the spatial and temporal variability and the trends of
hot and dry summers in Romania between 1950 and 2020.
They defined a heatwave based on 90th percentile of the daily
maximum temperature (using a 15 days window centered on
each calendar day) and having a duration of at least 5 consec-
utive days. Their results showed that the length, spatial extent
and frequency of heatwaves increased in Romania during the
study period for all summer months with the rate of increase
accelerated after the 1990s. Thus, the smallest number of
heatwaves during the study period was observed between
1970 and 1985 and the highest number between 2001 and
2020. Other studies on heatwaves in Romania, focused on
their characteristics from a regional perspective. For exam-
ple, Bocancea (2018) studied the frequency of occurrence of
heatwaves in the area of Iasi, a city in northeastern Romania.
Between 1961 and 2016, based on data from meteorological
stations, 98 heatwaves (defined using the 95th percentile of
maximum daily temperature) occurred in Iagi. The majority
of heatwaves had a duration of 3 (41.7%) or 4 days (35.4%).

Very few studies have analyzed the societal and economic
impact of heatwaves in Romania. For Cluj—Napoca, a large
city in northwestern Romania, Herbel et al. (2018) analyzed
the impact of heatwaves on urban heat island and the local
economy for the summer of 2015. For the three events ana-
lyzed, the economic losses in Cluj—Napoca were estimated
at €2.5 million per heatwave day (a total of €38 million for
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the events analyzed). Vicedo-Cabrera et al. (2021) estimated
that the mortality associated with hot temperature extreme
events in Romania has increased by 25.2% during the study
period 1991-2018. For the eight cities included in the anal-
ysis, the number of fatalities attributed to human-induced
climate change varied from 9 to 18 fatalities per year except
for Bucharest (i.e., 103 fatalities per year).

Given the current impact of heatwaves in Romania, which
is estimated to rise in the future as the mean global temper-
ature is increasing, the aim of this article is to assess the
near future (2021-2050) changes in the characteristics of
heatwaves based on data provided by the EURO-CORDEX
project (Jacob et al. 2014). Knowing the near future changes
in the characteristics of heatwaves could help to develop
adaptation measures to reduce the impact of these events.
Because there is no consistent definition of heatwaves across
Europe, in this article, we use the Excess Heat Factor (EHF,
Langlois et al. 2013; Nairn and Fawcett 2015) to analyze
the heatwaves characteristics. EHF was introduced as a pre-
dictor for high risk of heat-related mortality and morbidity
(Langlois et al. 2013). One of the main advantages of using
EHF is that it can be applied to any region and does not
depend on arbitrary thresholds for temperature or period of
the year. Thus, given the complex topography of Romania
and the vicinity of the Black Sea, EHF is suitable to be used
for the study of heatwaves in this region. EHF was recently
used by Piticar et al. (2018) to study the changes in the
heatwaves characteristics over Romania based on data from
31 weather stations between 1961 and 2015. Their analysis
indicated that heatwaves have become more frequent, more
intense and longer in Romania. In this article, we further use
EHF to study the future changes in heatwaves characteris-
tics in Romania using climate projection data over the entire
territory.

2 Data and methods
2.1 Excess heat factor

The Excess Heat Factor (EHF) incorporates two daily excess
heat indices (EHI, Nairn and Fawcett 2015). The first EHI
index, the significance index (E H I;;g), measures how the
average daily mean temperature for three consecutive days
compares with the 95th percentile of daily mean temperature
(T9s).

Ti +Tiv1 + Tipo

EH g = .

— Tos (h
where i represents each day of the study period for a spe-
cific location and Tys5 is the 95th percentile for the same
location. The second EHI index, the acclimatization index

(EHI,cc1), compares the average daily mean temperature
for three days period with the average daily mean tempera-
ture over the recent past defined as a period of 30 days (Nairn
and Fawcett 2015).

Ii+Tii+Ti2 Tia+..+Ti30

EHI, .. =
accl; 3 30
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E H I, is a measure of the adaptation to high temperatures.
If EH I, is positive, there is a lack of acclimatization and
increased potential for adverse effects (i.e., increased mortal-
ity or morbidity). These two indices are then combined into
EHF

EHF; = EH g - max(1, EH lyecl;) A3)

Thus, a day is a part of a heatwave if for that day EH F;
(°C?) is positive, which implies that £ H Isig; is positive. If
the EH I, is greater than 1, then is acting as an amplify-
ing factor for the E H F; (Nairn and Fawcett 2015). Given
the methodology for EHF, Perkins and Alexander (2013)
indicated that this index is more sensitive for determining
different aspects of heatwaves than, for example, using the
90th percentile of the daily maximum temperature over a 15-
day interval as was previously used. Next we describe the
dataset used to calculate EHF over Romania.

2.2 EURO-CORDEX data

The EHF dataset analyzed in this study is based on six
different publicly available model simulations and two rep-
resentative concentration pathway scenarios. The simula-
tions (Table 1) are using a common configuration defined
by the EURO-CORDEX initiative (http://www.euro-cordex.
net/; Jacob et al. 2014), the European branch of the World
Climate Research Program Coordinated Regional Downscal-
ing Experiment (CORDEX; http://wcrp-cordex.ipsl.jussieu.
fr/; Giorgi et al. 2009). The EURO-CORDEX simulations
used in this study have a horizontal grid spacing of 0.11°
(approximately 12.5 km). The data (i.e., mean daily temper-
ature calculated by averaging minimum and maximum daily
temperature) were extracted from Rossby Centre regional
climate model (RCA4, Kjellstrom et al. 2016). Six global
climate models (GCMs) provided boundary layer conditions
of the RCA4 runs between 1971 and 2050 (Table 1). Two
periods were analyzed: the historical period (1971-2000) and
the near future period (2021-2050). Two representative con-
centration pathway scenarios (RCP; Moss et al. 2010) were
considered for the period 2021-2050: RCP4.5 (i.e., due to
reductions in greenhouse gas emission, the radiative forcing
is stabilized at 4.5 W m~—2 before 2100) and RCP8.5 (i.e.,
due to increases in the greenhouse gas emissions, the radia-
tive forcing will reach 8.5 W m~2 by 2100). Next, we present
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Table 1 Overview of the
regional climate runs used in the

study and their main
characteristics

Modelling center GCM Member

Centre National de Recherches Météorologiques Cen- CNRM-CM5 rlilpl

tre Européen de Recherche et Formation Avancée en

Calcul Scientifique (Voldoire et al. 2013)

EC-EARTH consortium (Hazeleger et al. 2010) EC-EARTH r12ilpl (RCP4.5)

Institut Pierre-Simon Laplace (Dufresne et al. 2013)
Met Office Hadley Centre (Collins et al. 2011)
Max Planck Institute for Meteorology (Popke et al.

2013)

Norwegian Climate Centre (Bentsen et al. 2013)

rlilpl (RCP8.5)

IPSL-CM5A-MR rlilpl
HadGEM2-ES rlilpl
MPI-ESM-LR rlilpl
NorESM1-M rlilpl

Three scenarios were analyzed for all runs the historical control run encompassing the period 1971-2000,

RCP4.5, and RCPS8.5 for all runs

the statistical analysis applied to the EHF dataset to retrieve
the characteristics of heatwaves in Romania.

2.3 Statistical analysis

A heatwave is defined in this article as a period of at least
three consecutive days with positive EHF. Unlike previous
studies (e.g., Piticar et al. 2018) that considered heatwaves
during the extended summer season (May—September), in
this article we have considered heatwaves over the entire year
as summer-like temperature will be prolonged in late spring
and early summer. Furthermore, recent studies have indicated
that summer in mid latitudes of the Northern Hemisphere has
lengthened and is projected to last nearly half a year by 2100
(Wang et al. 2021).

EHF was computed for each of the six regional climate
runs between 1971 and 2050. The 95th percentile for daily
mean temperature used in Eq. 1 was based on the data for
the historical period (1971-2000) for each run. Next, only
positive values for EHF were selected and the following
parameters were calculated for each run: mean annual num-
ber of days with positive EHF, mean annual value of positive
EHF, mean annual duration of heatwaves, and mean annual
number of heatwaves. These parameters were then merged
into a single data frame with the mean values from the six
runs.

The impact of climate change on heatwaves in Romania
was addressed by comparing the RCP4.5 and RCP8.5 climate
scenarios (ensemble mean of the six simulations) over the
near future (2021-2050) with the historical period (1971-
2000). Thus, the mean values (e.g., number of days with
positive EHF) for the historical period were subtracted from
the mean values resulting from the two climate scenarios.
This difference was then used to calculate the percentage
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of change for the two climate scenarios compared with the
historical period.

A two-sided Wilcoxon rank-sum test was used to distin-
guish robust (« = 0.05) differences from the historical period
(Wilcoxon 1945). This test was used in previous papers to
evaluate the systematic differences between the distributions
of two independent samples (e.g., Lorenzo et al. 2021). To
evaluate trends, the nonparametric Theil-Sen slope estima-
tor was used (Sen 1963). Sen’s slope unlike the regression
slope is insensitive to outliers. Trends were considered sta-
tistically significant for each pixel if the p value was less
than 0.05 based on the nonparametric Mann-Kendall trend
test (Kendall 1975). The advantage of using the classical
Mann-Kendall test is that the data are not required to be
normally distributed, and also the test is not affected by the
length of the time series. The Mann-Kendall test and the Sen’s
slope were performed using the pyMannKendall package for
Python (Hussain and Mahmud 2019).

3 Past characteristics of heatwaves
in Romania

During the historical period (1971-2000) high values for
the mean annual number of days with positive EHF were
observed over the south, southeastern, and parts of central
Romania (>16.5 days yr—!, Fig. 2a). A lower number of
days with positive EHF occurred over mountain areas, in par-
ticular over the eastern Carpathians Mountains (< 15 days
yr~1). When days with positive EHF occurred over west-
ern and northwestern Romania, they were characterized by
higher mean annual values (i.e., >8°C?) compared with the
other regions (Fig. 2b). The lowest mean annual values for
positive EHF (i.e., <6°C2) were observed over southeastern
Romania close to the Black Sea, and over the Carpathians
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Fig.2 (a) Mean annual number
of days with positive EHF (days,
shaded according to the scale),
and (b) mean annual values of
positive EHF (°C?, shaded
according to the scale) for the
period 1971-2020
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Mountains (Fig. 2b). The distribution of mean annual positive
EHF is modulated by the climatic differences between central
Romania (i.e., Intra—Carpathians) influenced by the northern
and north-western circulations and sheltered by the Carpathi-
ans Mountains. The climate of western Romania is mainly
influenced by the Central Europe climate (i.e., continental
climate) and southern and southeastern Romania is mainly
influenced by the Mediterranean climate. The high values for
mean number of days with positive EHF over southern Roma-
nia are associated with tropical airmass advections from
north Africa especially during the summer months (Barbu
et al. 2014). The mean annual positive EHF (>6°C2) within
Intra—Carpathian sub-mountain regions could be attributed
to foehnal effects (e.g., Apostol and Sficd 2013) determined

by southern and eastern circulations (Fig. 2b). Over the plain
region in western Romania the increase in the mean annual
values for positive EHF could also be due to southwest-
ern circulation from north Africa towards Central Europe.
Also, the extension of the North African ridge towards East-
ern Europe, allows for a supplemental provision of tropical
airmass from the Arabian Peninsula, which can lead to
prolonged heatwaves over eastern Romania. These circula-
tions are associated with the typical heatwaves patterns over
Europe identified by Felsche et al. (2023). Data between
1981 and 2010 from a 50-member regional climate model
were analyzed by Felsche et al. (2023) to derive the main
heatwave patterns over Europe using hierarchical agglom-
erative clustering. The nine patterns obtained correspond
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well with those derived from the observational dataset. For
Romania, three patterns are relevant: South-Eastern Europe
(influencing the entire Romania, in particular western Roma-
nia), North-Eastern Europe (influencing eastern Romania),
and Greece and Italy (influencing southern Romania) pat-
tern.

Low values (<6°C2) for the mean annual positive EHF
are observed close to the Black Sea and over the southeast-
ern Romania (Fig. 2b). By comparison, the results obtained
for Iberian Peninsula by Lorenzo et al. (2021), using a sim-
ilar dataset to the one used in this article, showed that high
values of EHF were characteristic for the western Iberian
Peninsula and Cantabrian mountain range, and low values
for the Mediterranean coastal areas.

Heatwaves (i.e., >3 consecutive days with positive EHF)
that occurred over parts of southern, eastern Romania, and
parts of the Intra-Carpathian region had a longer mean annual
duration (>7.5 days) compared with other regions (Fig. 3a).
The mean annual number of heatwaves varied from 2.2-2.5
over southern Romania to 2.6-2.8 over northeastern Romania
and parts of the Intra-Carpathian region (Fig. 3b). Heatwaves
over northwestern Romania were as frequent as those from
the northeastern part (i.e., 2.6-2.8, Fig. 3b) but they were
characterized by shorter duration (<7 days yr—1, Fig. 3a)
and higher EHF values (Fig. 2b).

Similar to the results obtained in this article, Piticar et al.
(2018) showed that using 1971-2000 as a reference period
for the 90th percentile, the mean annual number of heatwaves

Fig.3 (a) Mean annual duration
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according to the scale), and (b) )
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was 2.5 events per year (for the reference periods 1981-2010
the number of events decreased to 1.7). Furthermore, their
results indicated the duration of heatwaves was 6.6 days for
the reference period 1971-2000 and 5.7 days for 1981-2010.

The number of days with positive EHF had a statistically
significant increasing trend over the entire Romania. For most
of the country the increase is between 3 and 4 days per decade,
except for the northeastern, eastern Romania (in the proxim-
ity of the Black Sea) and foothills of southern Romania where
is between 4 and 5 days per decade (Fig. 4a). Over the same
period, the intensity of heatwaves (i.e., mean EHF values)
show a small increase over most of the country but this trend
is not statistically significant (Fig. 4b).

Fig.4 The trends for (a) the
annual mean number of days
with positive EHF (days
decade™!), and (b) mean annual
positive EHF (°C? decade™!)
for the period 1971-2020.
White dots are plotted where
trends are significant at o = 0.05

|
aenf - 100km

The duration of heatwaves has increased during the his-
torical period in particular over southern and southeastern
Romania (>1 day decade™!, Fig. 5a). There is also a sta-
tistically significant low increase (0.5-1 days decade™!) in
the duration of heatwaves over the northwestern part of
the country. Concerning the number of heatwaves, there
is an increase over eastern Romania (0.25-0.75 heatwaves
decade™!) but this trend is not statistically significant over
the entire region (Fig. 5b). For the number of heatwaves,
Piticar et al. (2018) obtained increasing statistically sig-
nificant trends (0.64 events per decade using 1971-2000
as reference; 0.52 events per decade using 1981-2010) for
>94% of the stations. Also, their results concerning the

4.0

w
o

2.0

J—
o

Slope of the mean number of days with positive EHF (days decade™)

N
o
o
C? decade™)

1.75

S

o o o — —_ Y
N o ~ o N o
Slope of the mean annual positive EHF (

o
o
S

20°E 21°E 22°E 23°E

24°E 25°E 26°E 27°E 28°E

@ Springer



532

B. Antonescu et al.

Fig.5 The trends for (a) mean
duration of heatwaves (days
decade™1), and (b) number of
heatwaves for the period
1971-2020. White dots are
plotted where trends are
significant at o = 0.05

trends in the duration of heatwaves were similar to those
obtained here (i.e., 0.84 days per decade for 1971-2000 as
reference; 0.62 days per decade using 1981-2010).

4 Near future characteristics of heatwaves
in Romania

The percentage of change between the historical period and
the near future period is shown in Fig. 6 for the mean number
of days with positive EHF and mean annual value of positive
EHF. For the RCP4.5 scenario, the increase in the number of
days with positive EHF is between 70 and 80% over north-
western and northeastern Romania and greater than 100%

@ Springer

2.0

o
&)l

o
o

Slope of the mean duration of heatwaves per decade (days decade™)

Slope of the mean number of heatwaves per decade

0.00

over southern Romania and Carpathian Mountains (Fig. 6a).
For the RCP8.5 scenario the pattern of change is similar with
the one for the RCP4.5 scenario, but the values are greater
than 80% over the entire country. The highest percentage of
change is also observed for this scenario over southern Roma-
nia (i.e., greater than 130%) and Carpathian Mountains (i.e.,
greater than 150%).

The comparison between the percentage of change in the
mean annual value of positive EHF for the two scenarios
shows higher values in general for the RCP8.5 scenarios com-
pared with the RCP4.5 scenario (Fig. 6b, d). For the RCP4.5
scenario, the percentage of change is greater than 20% over
the entire country except for the region close to the Black
Sea (Fig. 6b). Values greater than 30% for the percentage of
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RCP4.5

RCP8.5
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Percent of change (%)

mean annual value of positive EHF
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Percent of change (%)

Fig. 6 Percentage of change in projected mean number of days with positive EHF (a, ¢) and mean annual values of positive EHF (b, d) for the

period 2021-2050. White dots represent significant change at o = 0.05

change characterize the entire territory except for the region
close to the Black Sea and the southern Carpathian Mountains
(Fig. 6d). Thus, in the future we can expect an increase in the
number of days with positive EHF over southern Romania
and higher mean annual values for positive EHF over south-
eastern and eastern Romania for both scenarios compare with
the historical period.

Figure 7 shows the percentage of change for the mean
duration of heatwaves and the number of heatwaves between
the historical and the near future period for the two climate
scenarios. For both scenarios, the mean duration of heat-
waves is shown to increase over southern Romania (30-50%
for RCP4.5, and 50-70% for RCPS.5, Fig. 7a, c). The high-
est percentage of change for the mean duration of heatwaves
is observed close to the Black Sea coast (>80%). Not only
the mean duration of heatwaves shows an increase for the
RCP4.5 scenario but also the number of heatwaves is increas-
ing over southern and eastern Romania (50-60%, Fig. 7b).
For the RCPS8.5 scenario there is a similar increase in the

number of heatwaves (i.e., 50-60%) but over most of Roma-
nia (Fig. 7d). Bojariu et al. (2015) also studied the changes in
the heatwaves characteristics for the period 2021-2050 com-
pared with 1971-2000 using EURO-CORDEX simulations
for the RCP4.5 and RCPS8.5 scenarios. The definition used by
the Romanian National Meteorological Administration for a
heatwave—a period with at least two consecutive days with
the maximum temperature >37°C—was used in their study.
Similar to the results presented in this article, Bojariu et al.
(2015) indicated for the near future (2021-2050) there are
no large differences between the two scenarios. Also, their
results showed an increase in the number of days of heat-
wave especially over the southern, southeastern and western
Romania. Thus, in the future we can expect more frequent
heatwaves with a longer duration especially over southern
Romania for both scenarios compared with the historical
period. Over the Carpathian mountains there is a strong
increase in the number of heatwaves for both scenarios which
is expected to have an impact on the tourist activities in this
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Fig.7 Percentage of change in projected mean duration of heatwaves (a, c)
dots represent significant change at o = 0.05

area. Another touristic region that will be impacted by heat-
waves is the Black Sea region which is expected to have a
strong increase in the mean duration of heatwaves.

5 Recommendations to reduce the impact
of heatwaves in Romania

The results obtained in this article show that the num-
ber and duration of heatwaves will increase in Romania in
the near future (2021-2050) compared with the historical
period (1971-2000). Given the current impact of heatwaves
in Europe these results indicate that this impact will fur-
ther increase (e.g., mortality). Thus, political and social
actions are necessary to reduce the impact of heatwaves
and their associated heat stress in Romania, especially over
southern parts. Current actions include the warnings issued

@ Springer

28°E

25°E

21°E 22°E 23°E Z'E 26'E 27°E

10 20 30 40 50 60 70 80 90 100

Percent of change (%)

and mean number of heatwaves (b, d) for the period 2021-2050. White

by the Romanian National Meteorological Administration
for extreme temperature and heatwaves and the recom-
mendations provided by the Ministry of Internal Affairs
through the Department for Emergency Situations using the
“Be prepared” platform (https:/fiipregatit.ro/ghid/canicula/,
accessed on 8 August 2022). To further reduce the impact of
heatwaves in the current and future climate in Romania we
propose a series o recommendations.

Implementation of bioclimatologic indices for heat stress
that can be used to assess the impact of extreme tempera-
tures and heatwaves on population and can also improve the
communication of this impact to the public. For example,
Antonescu et al. (2021) have used the Universal Ther-
mal Climate Index (UTCI) (Brode et al. 2013; Jendritzky
et al. 2012) from ERA5S-HEAT (Human thErmAl comforT)
dataset (Di Napoli et al. 2020) to study the changes in ther-
mal stress in Europe between 1979 and 2019. UTCI takes
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into account not just the temperature and humidity but also
the wind and radiation and is divided in ten thermal stress cat-
egories from extreme cold stress to extreme heat stress. The
results obtained by Antonescu et al. (2021) indicated that
the number of hours with heat stress increased over different
regions of Europe including southern part of Romania. Also,
Bucharest, the capital city of Romania, was one of the most
affected cities by heat stress after Thessaloniki and Rome (the
average trend in the number of hours with heat stress was 7.0
hrs yr‘l). Besides bioclimatological studies, UTCI can be
implemented operationally as was done for Czechia, Italy,
Poland, Portugal and also pan-European (Di Napoli et al.
2021). The operational implementation of UTCI along with
the existing parameters used to communicate to the public the
occurrence of extreme temperature events and heatwaves has
the following advantages: (1) UTCI include all the signifi-
cant parameters (i.e., temperature, humidity, wind, radiation)
affecting the human physiological response to the surround-
ing environment, (2) using the UTCI heat stress categories
instead of temperature and humidity thresholds (which can
vary from one region to another) can improve the commu-
nication to the public of the impact of extreme temperature
events and heatwaves, and (3) each UTCI thermal stress cat-
egory include also a series of protection measures needed to
be taken by the population (see Table 2 in Antonescu et al.
(2021) for a summary).

Besides improving the communication of the impact of
heatwaves, it also important to identify the regions in which
the population is more vulnerable to this type of extreme
weather events. Unfortunately there is a paucity of research
at country level with most of the studies addressing this issue
from a local perspective (e.g., Grigorescu et al. 2020; Torok
et al. 2021). Elderly people, infants, pregnant women, peo-
ple isolated socially or those suffering from cardiovascular
or respiratory disease are the most vulnerable to heatwaves
(e.g., Liu et al. 2022). Furthermore, according to Eurostat
the median age of the population in Romania will increase
from 44.8 in 2025 t0 49.6 in 2050 increasing the vulnerability
to heatwaves (Eurostat 2023). In Romania, urban population
represent currently approximately 54% from the total pop-
ulation (World Bank 2022). For the urban population the
vulnerability to heatwaves is exacerbated through the Urban
Heat Island (Zhao et al. 2018). Thus, the results obtained
in this study for the current and near future characteristics
of heatwaves can be used together with studies that identify
the area socially vulnerable to heatwaves as basis to develop
climate change adaptation plans to these extreme weather
events.

Another important aspect of understanding the impact of
heatwaves in Romania is the lack of studies, for example,
on the mortality and morbidity associated with heatwaves.

Recent studies on mortality associated with extreme temper-
ature events and heatwaves in Romania focused on individual
cities. For example, Croitoru et al. (2018) analyzed the
impact of extreme temperatures on human mortality for Cluj—
Napoca and Scripci et al. (2022) for the five of the most
populated cities of Romania (i.e., Bucuresti, Cluj—Napoca,
Constanta, Iasi, and Timisoara). As far as the authors are
aware, there are no studies analyzing the impact of heat-
waves on mortality and morbidity at national level or at least
for the regions most affected by heatwaves in the current and
future climate (e.g., southern Romania). These types of stud-
ies are essential for developing better policies for reducing
the impact of heatwaves.

6 Conclusions

This study assesses the near future changes in the heatwaves
characteristics in Romania and thus (1) is filling a gap in our
current knowledge concerning this type of extreme weather
events in Romania, and (2) is providing a basis for actions
to reduce the impact of heatwaves (in particular on human
health). The analysis was constructed based on the Excess
Heat Factor (EHF) derived from daily EURO-CORDEX data
for 1971-2000 (the historical period) and 2021-2050 (the
near future period) for two climate scenarios (RCP4.5 and
RCP8.5). The main conclusions are:

e For the historical period, south, southeastern and central
Romania are characterized by high values for the annual
number of days with positive EHF (>16.5 days yr—!);

e High mean annual values for EHF were observed for
western and northwestern Romania (>8°C2);

e Heatwaves with the longest mean annual duration (>7.5
days) occurred over parts of southern, eastern Romania,
and parts of the Intra-Carpathian;

e Over southern Romania the mean annual number of heat-
waves was between 2.2 and 2.5 events. Greater values
(2.6-2.8 events) occurred over northeastern Romania and
parts of the Intra-Carpathian region;

e The trend in the mean annual number of days with pos-
itive EHF showed an increasing statistically significant
trend over the entire country (>3-4 days decade™!);

e A statically significantincreasing trend was also observed
for the duration of heatwaves (> 1 day decade ") but only
for southern and southeastern Romania;

e For the near future period, the percentage of change in
the projected mean annual number of days with positive
EHF is greater than 80% over most of the territory for
both climate scenarios;
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e For the percentage of change in the mean annual values of
EHEF, values greater than 20% are projected of the entire
Romania (with the exception of the region close to the
Black Sea) for both climate scenarios;

e The mean duration of heatwaves increased over southern
Romania with 30-50% for RCP4.5 scenario and 50-70%
for RCP8.5 scenario;

e The mean annual number of heatwaves show a similar
increase (>50%) for both scenarios over southern and
eastern Romania.

Is expected that in the near future, due to the increase in
the frequency of occurrence and duration of heatwaves and
also due to the increasing vulnerability of the population,
Romania will most likely face an increase in the morbidity
and mortality associated with heatwaves. Thus, this article,
one of the first in Romania analyzing the future changes in
heatwaves characteristics, is emphasizing the urgent need to
develop adaptation strategies to reduce the future impact of
heatwaves.
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